T issue remodeling after injury involves the coordinate regulation of numerous genes, including those involved with extracellular matrix (ECM) synthesis and turnover, cell adhesion, and cell migration. Major components of the ECM include structural proteins and a number of soluble ECMassociated proteins. The soluble ECM-associated proteins include SPARC, lumican, and the fasciclin domain-containing proteins ig-H3 and periostin. Periostin, originally named osteoblast-specific factor-2 (Genbank D13664) was identified as a soluble ECM protein that was expressed in bone and, to a lesser extent, lung.
T issue remodeling after injury involves the coordinate regulation of numerous genes, including those involved with extracellular matrix (ECM) synthesis and turnover, cell adhesion, and cell migration. Major components of the ECM include structural proteins and a number of soluble ECMassociated proteins. The soluble ECM-associated proteins include SPARC, lumican, and the fasciclin domain-containing proteins ig-H3 and periostin. Periostin, originally named osteoblast-specific factor-2 (Genbank D13664) was identified as a soluble ECM protein that was expressed in bone and, to a lesser extent, lung. 1 The periostin mRNA is alternatively spliced, resulting in polypeptides that differ in the length of their C-terminal domains and in their tissue-specific patterns of expression. 2 Periostin is a 90-kDa heparin-binding N-glycosylated protein that was proposed to associate with bone ECM, and it is highly homologous to ig-h3, previously known as the 68-kDa transforming growth factor (TGF)-1-inducible protein. Both periostin and ig-h3 contain 4 tandem fasciclin (Fas1) domains homologous to the insect protein fasciclin. 3 In the case of ig-h3, the second and fourth fasciclin domains interact with the 31 integrin, and all 4 fasciclin domains can interact with the v5 integrin, thus mediating adhesion. 4 Periostin also mediates cell adhesion by binding to v3 and v5, and increases cell motility. 5 The localization of recombinant periostin with v5 integrin at sites of focal adhesion 5 suggests the contribution of periostin to cell adhesion and motility. Despite these recent observations of periostin interacting with cell surface receptors, its functional roles are not clear. More recently, periostin expression was found in embryonic hearts by embryonic day E10.5, and increased to a plateau by E14. Periostin mRNA expression was localized to the endocardial cushions that ultimately divide the primitive heart into the mature 4-chambered heart. 6 In addition, periostin expression is increased in pulmonary aortic smooth muscle cells (SMCs)in response to hypoxia. 7 The goal of the present study was to examine the role of periostin in SMCs. Our data indicate that periostin is associated with SMC differentiation and functions as a migratory stimulus in vitro. After balloon catheter injury, periostin expression coincides with the proliferative phase of SMCs in the neointima.
following the manufacturer's instructions. cDNA was prepared from 2 g of mRNA extracted from normal rat carotid arteries and aortae, as well as 8-day balloon-injured vessels. For the purpose of isolating sequences overexpressed in injured arteries, cDNA from injured vessels was used as "tester" and cDNA from normal vessels as "driver" cDNA. Partial sequences of 250 clones were obtained by automated sequencing DNA sequence analysis and their identities were determined by searching Genbank databases, including nonredundant and expressed sequence tag databases.
Northern Blotting and cDNA Probes
Total RNA isolated from normal carotid arteries, 8-day balloon-injured carotid arteries, and indicated cell lines were examined by Northern blot analysis as described. 9 Blots were hybridized simultaneously using a rat periostin cDNA and a mouse glyceraldehyde 3-phosphate dehydrogenase (GAPDH) cDNA labeled with -[ 32 P]-dCTP. The intensities of the periostin band and the GAPDH band were quantified by phosphorimaging. The ratio of the signal intensities for periostin/GAPDH before growth factor addition (time point, 0 hours) were set to 1.0 (100%). Identical blots were probed in duplicate with similar results.
In Situ Hybridization [ 35 S]-UTP labeled RNA probes corresponding to the sense and antisense strand of the coding region of rat periostin were prepared and in situ hybridization was performed on paraffin sections as described.
9

Cells and Culture
A404 cells (kindly provided by Dr Gary Owens, University of Virginia School of Medicine) were maintained as described. 10 Differentiation of A404 cells was initiated with 1 mol/L all-trans retinoic acid (RA) for 3 days. After withdrawal of RA after 3 days, selection for SMCs was achieved by addition of 0.5 g/mL puromycin (Clontech) to the medium for either 3 or 5 days.
Primary rat aortic SMCs (RASMC), MC3T3-E1, C3H10T1/2, NIH3T3, rat PAC1 smooth muscle, ROS17/2.8 osteosarcoma, BOSC23, 11 and human aortic SMC (AoSMC) (Clonetics) cell lines were used. Primers for reverse-transcriptase polymerase chain reaction were: GAPDH (5'GGAGATTGTTGCCATCAACGA3', 5' GAAGACACCAGTAGACTCCACGACA3'), achaete-scute homolog-1 (MASH-1, 5'CAAGTTGGTCAACCTGGGTTTTG3', 5'CACTAAAGATGCAGGATCTGCTG3'), periostin (5'AAAG-TAAAAGTTGGCCTTAGCGACC3', 5'CAGAAGCTCCCTTTCT-TCGCTAGT3'), and smooth muscle myosin heavy chain (SM-MHC, 5'CAGTTGGACACTATGTCAGGGAAA3', 5'ATGGAG-ACAAATGCTAATCAGCC3').
For stimulation of cells with cytokines, confluent cells were fed with fresh medium containing 10% fetal bovine serum, and 2 days later cells were stimulated with one of the following: fibroblast growth factor-2 (FGF-2) (10 ng/mL), PDGF-AB (10 ng/mL), BMP-2 (25 ng/mL), or TGF- (10 ng/mL) (all from R&D Systems).
Retrovirus Production and Isolation
BOSC23 cells (Clontech) were transiently transfected with either control pWzl 12 or pWzl bearing periostin cDNA. Immunofluorescence analysis was used to confirm the efficiency of retroviral gene expression, which was 95% (data not shown).
Western Blot Analysis
Rabbit anti-periostin antibody (kindly provided by Dr Roger Markwald, Medical University of South Carolina) was used at a 1:1000 dilution. FGF-2 expression levels in the various cell lines were determined by immunoblotting with a mouse anti-FGF-2 antibody 13 after SDS-PAGE of 80 g cell lysate under reducing conditions. Quantification was performed by densitometry, and the relative amounts of FGF-2 present were expressed as a fraction of FGF-2 detected in RASMC (value set at 1.0).
Migration Assay
Migration of cells to 3% serum was assayed in a modified Boyden chamber as described, in 3 separate experiments.
14 In some cases, rabbit anti-periostin antibody or control rabbit anti-HA antibody were included at 0.5 g/mL. The data are meansSEM of 6 wells per experimental condition. Student t test was used to compare the means between the 2 groups, and P0.05 was considered significant.
Results
Periostin Expression Is Increased After Arterial Injury
Suppressive subtractive hybridization was conducted on cDNA derived from 8-day balloon-injured rat carotid arteries and control vessels. A survey of 250 clones obtained using this method identified 3 of them as periostin cDNA fragments (Table) . Other identified sequences were various collagens, smoothelin, osteopontin, and SPARC, as well as genes that have been described in other tissues such as connective tissue growth factor (CCN2), hevin/SC1, and WISP2 (CCN5). 15 These data are consistent with the view that vascular responses to injury include the regulation of groups of genes that regulate the ECM environment.
Northern blot analysis performed on RNA isolated from normal and 8-day balloon-injured rat carotid arteries demonstrated increased levels of periostin mRNA in injured vessels and only low levels of expression in normal arteries ( Figure 1A ). This differential expression pattern was also verified at the protein level using an anti-periostin antibody ( Figure 1B ). This antibody recognized a major band (molecular weight 90 kDa) and a slightly smaller and less intense band, which could reflect a difference in glycosylation. Among a variety of tissues from adult rats, only lung and, to a lesser extent, uterus revealed significant levels of periostin mRNA ( Figure 1A ). To identify the cells expressing periostin mRNA within the vessel wall after injury, we performed in situ hybridization with an antisense periostin riboprobe. Low levels of periostin expression were detectable in normal arteries ( Figure 2A ). Eight days after balloon injury, high levels of periostin mRNA expression were observed in the adventitia, where adventitial fibroblasts are undergoing rapid proliferation at this time 16 ( Figure 2B ). Two weeks after injury, a SMC-rich neointimal lesion has developed and cells throughout the neointima revealed abundant expression of periostin mRNA ( Figure 2C ). At 4 weeks after injury, only very few intimal SMCs on the luminal surface still expressed periostin mRNA ( Figure 2D ). En face preparations did not show detectable levels of periostin expression in either normal endothelium ( Figure 2E ) or wounded endothelium (not shown). The induction of periostin in the adventitia prompted us to examine whether this was a general response of connective tissue to injury. Dermal fibroblasts at sites of full-thickness skin incisional wounding also exhibited abundant expression of periostin mRNA ( Figure 2F ).
Frequency of Selected Upregulated Sequences Among 250 Identified Clones From Balloon-Injured Rat Carotid Arteries
Regulation of Periostin Expression in SMC and Other Cell Lines
In response to injury, SMCs in the vessel wall are exposed to a number of growth factors and cytokines released from activated platelets, inflammatory cells, and damaged vascular cells. 17 For the purpose of identifying growth factors that might be involved in the regulation of periostin expression, we examined the steady-state levels of periostin mRNA after growth factor administration in rat and human primary SMC, as well as in the PAC1 SMC line and NIH3T3 fibroblasts. Because a number of other genes normally expressed in bone are also expressed in the injured arterial wall, 18, 19 we examined the growth factor-dependent modulation of periostin expression also in the MC3T3-E1 osteoblast cell line, as well as in the osteosarcoma cell line ROS17/2.8. We also included the oligopotent mesenchymal C3H10T1/2 cells in the analysis because they can be differentiated toward smooth muscle. C3H10T1/2, NIH3T3, and MC3T3-E1 cells all responded to FGF-2 with a profound downregulation of periostin (5%, 7%, and 2% of control levels, respectively; Figure 3A ). RASMC and human AoSMC (not shown), as well as the PAC1 and ROS17/2.8 cells (not shown), however, demonstrated no significant change in periostin mRNA levels in response to FGF-2 ( Figure 3A ). BMP-2 caused periostin mRNA levels to increase 2-to 3-fold in C3H10T1/2, NIH3T3, and MC3T3-E1 cells, but this effect was not observed in SMCs or ROS17/2.8 cells. These cell-specific differences with regard to FGF-2-dependent downregulation of periostin prompted us to examine their endogenous FGF-2 levels by immunoblotting because high levels of endogenous FGF-2 could limit the cells ability to respond to exogenous FGF-2. RASMC and AoSMC had by far the highest levels of FGF-2 of all cell lines examined ( Figure 3B ). For example, FGF-2 levels of RASMC were 11-fold higher than those detected in NIH3T3 cells. The 18-kDa form, as well as higher molecular weight forms, of FGF-2 (21/22kDa in rat RASMC, 24-kDa in human AoSMC) were detected ( Figure 3B ). These data indicate periostin is a FGF-responsive gene in certain cell types with low endogenous FGF-2 levels.
Periostin and SMC Differentiation
The A404 cell line is a P19-derived line that differentiates into several lineages including SMCs after RA treatment.
20 A404 cells bear a stably transfected copy of a smooth muscle -actin promoter-driven puromycin resistance cassette. This cassette permits the elimination of nonSMC lineages in favor of smooth muscle -actin-expressing cells. Reverse-transcription polymerase chain reaction expression analysis of A404 cells that have been induced to differentiate with RA indicates that periostin mRNA is upregulated by day 3 of RA treatment, as shown in Figure 4 . RA induced coordinate upregulation of the definitive smooth muscle marker SM-MHC, indicating that a true SMC lineage is present in the differentiating cell population. The neurogenic differentiation marker MASH-1 21 is also induced by RA as expected, indicating the presence of neural lineage cells. However, unlike periostin and SM-MHC, MASH-1 is eliminated after continued presence of puromycin, which eliminates nonsmooth muscle -actin-expressing cell lineages. These results support the view that periostin expression is responsive to RA in a pluripotent SMC precursor population and that periostin persists in RA-differentiated A404-derived SMC.
Perostin and Cell Migration
C3H10T1/2 were chosen for migration experiments because we were able to achieve high levels of periostin overexpression with retroviral expression systems. Cells were transduced with retroviral constructs of a vector control or a full-length periostin expression construct. Immunofluorescence of retrovirally transduced C3H10T1/2 cells, using anti-periostin antibody, showed that essentially 100% of the infected cell population was expressing periostin ( Figure 5B) as compared with empty virus control-infected cells ( Figure 5A ).
Migration assays of cells to a stimulus with 3% serum were performed in a modified Boyden chamber as described.
14 Periostin-overexpressing C3H10T1/2 cells showed a significantly enhanced migratory response to serum ( Figure 5C ). As shown in Figure 5C , periostin-dependent enhancement Compared with uninjured rat carotid arteries, increased periostin mRNA levels were detected in arteries 8 days after balloon catheter denudation. In organs from normal adult rats, significant periostin mRNA levels were detectable in the lung and at lower levels also in uterine tissue. B, Western blot analysis of total protein from uninjured and injured arteries 8 days after balloon catheter denudation demonstrates increased periostin protein levels in injured vessels.
of cell migration was unchanged in the presence of a rabbit anti-HA antibody, used here as an isotype-matched irrelevant antibody. Periostin-overexpressing cells, but not control cells, showed a significant reduction of cell migration after treatment with the anti-periostin antibody ( Figure 5C ). These data indicate that periostin overexpression stimulates cell migration in C3H10T1/2 cells and that this stimulation is caused by increased periostin expressed outside the cell.
Discussion
Periostin was originally identified as a Fas1 domain-containing osteoblast-specific factor. Periostin has been suggested to function as a cell adhesion molecule for preosteoblasts and to participate in osteoblast recruitment, attachment, and spreading. 2 Since then, several studies have demonstrated that periostin may have a role in diverse tissues because periostin was found to be expressed in the developing mouse embryonic and fetal heart. 6 Furthermore, periostin expression was observed in skeletal muscle after injury, where it revealed coordinated expression with other ECM constituents including the collagen genes. 22 The present study demonstrates that periostin is also part of the coordinated transcriptional response of the vessel wall to injury, where both neointimal SMCs and adventitial myofibroblasts reveal a dramatic but transient increase in periostin expression. This increase in expression is paralleled by a fibrotic process with abundant deposition of collagen type I and type III in the adventitia as well as in the neointima. 23 Together with collagen genes, periostin was among the most abundant mRNAs associated with vascular injury. It was interesting to note that a number of other ECM-associated molecules were also identified as injury-induced sequences. These included osteopontin, which had previously been reported in injured arteries, 24 and several members of the CCN family of proteins. The latter includes connective tissue growth factor (CCN2), NOV (CCN3), and WISP-2 (CCN5), and in an earlier study we had also detected CYR61 (CCN1) in injured arteries. 25 All of these CCN family members promote adhesion for a variety of cell types. 26 Several of the injury-induced matrix molecules found in our study have recently been shown to play roles in collagen matrix assembly. This applies to osteopontin, 27 SPARC, 28 and Hevin/SC1, 29 and this property would be consistent with the extensive deposition of collagenous matrix in the adventitia and neointima on injury.
The function of periostin is poorly understood; however, the Fas1 domains of periostin and related proteins such as ig-h3 have been shown to interact with integrins and to modulate cell adhesion and migration. 4, 5 Other Fas1 domain-containing proteins include stabilin-1 and stabilin-2, and these also play a role in cell-matrix interactions and adhesion. 30 These diverse Fas-1 domain proteins seem to share a common function as F) and sense (G) riboprobes. A, In the uninjured rat carotid artery, low levels of periostin expression were detectable in the media (m). B, Eight days after balloon injury, increased periostin expression is detectable in the outer layers of the adventitia (a), where fibroblast proliferation and matrix production are prominent at this time. C, Two weeks after injury, the newly formed neointima (i) reveals abundant expression levels of periostin, whereas (D) at 4 weeks after denudation only scattered cells on the surface of the intimal lesion still express this mRNA. E, An en face preparation of a normal aorta shows only background levels of hybridization in endothelial cells. F, During wound healing, 8 days after a full-thickness skin incision reveals abundant periostin mRNA expression in dermal fibroblasts (d) but not in the keratinocytes of the epidermis (e). G, A section of a carotid artery 2 weeks after balloon injury was hybridized with a periostin sense probe for evaluation of nonspecific background hybridization. All images are seen under dark-field illumination with silver grains appearing as white specks. Nuclei were counterstained with hematoxylin. Original magnification was 200 except for (F), which was 50.
proteins that participate in the processes of adhesion, migration, or protein turnover in the ECM and the data presented in this study show that periostin also promotes cell migration.
On balloon catheter injury, SMCs are induced to proliferate and this change from a previously quiescent to a highly proliferative state is accompanied by a decrease in expression of certain SMC markers such as smooth muscle -actin and smoothelin. 16, 31 In the adventitia, however, TGF- signaling after arterial injury is responsible for the induction of smooth muscle -actin, causing fibroblasts to adopt the myofibroblast phenotype. 23 The levels of periostin expression in the injured arterial wall appear to correlate with the highly proliferative state of neointimal SMCs and adventitial cells (Figure 2B and 2C), and this indicates an association of elevated periostin expression with the proliferative state of those cells. This observation is further substantiated by the fact that little periostin is expressed in nonproliferating SMC found in the normal artery wall (Figure 1 ) and in arteries at 4 weeks after injury when SMC proliferation is restricted to cells on the surface of the neointima ( Figure 2D ). SMCs in culture more closely represent the proliferative phenotype seen after arterial injury and the expression of periostin by primary SMC cultures is consistent with this notion. We have previously shown that arterial injury causes the release of endogenous FGF-2, which then induces proliferation of previously quiescent SMCs. 17 We have also demonstrated that FGF-2 expression is increased in proliferating SMC in vivo, 32 whereas others have shown that FGF-2 is required for SMC proliferation and neointimal lesion formation. 33, 34 In addition, the proliferative SMC phenotype of the injured artery is less susceptible to proliferative effects of FGF-2. 35 Collectively, these data indicate that proliferation of SMC both in vitro and in vivo is, to a large extent, driven by FGF-2, and the high levels of FGF-2 found in primary SMC ( Figure 3B ) support this concept. This autocrine stimulation of SMC by endogenous FGF-2 may also contribute to the ability of SMC to grow under low serum conditions, and this is in contrast to fibroblast cell lines that exhibit very low thymidine incorporation under the same conditions (data not shown). The highest endogenous FGF-2 levels were observed in primary SMC (RASMC and AoSMC), and this may at least in part explain why these cells did not respond to exogenous FGF-2 with downregulation of periostin mRNA expression. Furthermore, our data suggest that periostin expression in primary SMC and PAC1 SMC does not inversely correlate with FGF signaling. Thus, one characteristic that sets SMCs apart from other mesenchyme-derived cell lines, such as NIH3T3, C3H10T1/2, and MC3T3-E1 cells, is their inability to respond to exogenous FGF-2 with downregulation of periostin mRNA. It should be emphasized that the lack of downregulation of periostin mRNA by FGF-2 in SMC cannot be explained by the absence of FGF receptors, because we and others have shown that proliferating SMC express elevated levels of FGF-R1. 32 FGF functions generally as an inhibitor of differentiation, and this is true for neuronal differentiation, myogenic differentiation, as well as osteoblast differentiation, including osteoblast differentiation of MC3T3-E1 cells. 36 The presence of periostin expression in unstimulated or BMP-2-stimulated C3H10T1/2, NIH3T3, and MC3T3-E1 cells may reflect a more differentiated phenotype than the corresponding FGF-2-stimulated cultures.
RA functions as a differentiation signal for a variety of cell types including the undifferentiated P19 embryonal carcinoma cells. 37 The A404 cells 20 used here are derived from P19 cells. Stimulation of these pluripotent cells with RA causes some of them to differentiate into smooth muscle and acquire a periostin-expressing phenotype. Our findings related to periostin expression in smooth muscle is summarized as follows: (1) development of the SMC phenotype from highly undifferentiated cells such as P19 cells correlates with the acquisition of periostin expression; (2) SMC respond to a proliferative stimulus (as seen after arterial injury or in vitro) with an increase in periostin expression; and (3) periostin mRNA levels in SMC are not responsive to stimulation with FGF-2. The inability to downregulate periostin expression with FGF-2 may be a useful criterion to discriminate between smooth muscle and fibroblast lineages. Furthermore, periostin promotes cell migration.
